Hillman and Culley published a paper entitled 'The Uses of Duckweed' in 1978 [1] ; however, this title was a misnomer in that the paper described the production of duckweed and only addressed, in the most general terms, what products could be expected from duckweed biomass. Indeed, at the time, there was little opportunity to commercialize duckweed production to an industrial scale. No real product had been identified that could be made from duckweed biomass and for which a compelling argument could be made that the final product would provide a significant advantage to the marketplace. Despite the absence of an obvious product, interest has continued for developing a largescale production system for duckweed. This persistent interest arises from the tantalizing biomass production advantages that the characteristics of the duckweed species provide. The key to exploiting these advantages is to study the elusive products that can be made from duckweed biomass.
In this article, we will review research results that support the idea that duckweed biomass could be used as an industrial feedstock for microbial fermentation, especially fermentation by yeast for the production of fuel ethanol. With the realization that sole reliance on petroleum-based products for energy, fuels and material feedstocks is not sustainable and comes at increasingly high environmental, economic and political costs, there is a new push to identify alternatives for petroleum products. We believe that these new efforts to find sustainable alternatives have provided an opportunity to launch duckweed biomass as an industrial feedstock. Since duckweed grows on water, one of its advantages is the possibility that cultivation of this feedstock does not compete with food production and arable land otherwise used for crops. The high digestibility of duckweed also makes it more promising than cellulosic biomass, the second-generation feedstock for biofuels.
The production of duckweed as a source of biofuels Duckweed is a promising feedstock for the production of biofuels. Advantageous characteristics include rapid, clonal growth as small free-floating plants on nutrient-rich water; global adaptability across a broad range of climates; naturally high protein content; and inducible high starch content with low or no lignin, which enables other value-added products. The objective of this article is to review the published research on duckweed cultivation in nutrient-rich wastewaters, starch enrichment in duckweed plants and conversion of high-starch duckweed to biofuels. Duckweed yields of 39.1-105.9 t ha -1 year -1 have been achieved using wastewater as the nutrient source, which are much higher than the yields of most other potential energy crops. Duckweed starch contents of 31.0-45.8% dry weight have been achieved after it has been subjected to nutrient starvation for 5-10 days, and up to 94.7% of the starch could be converted to ethanol using the existing technologies for corn starch conversion. Future research objectives include selecting high-performance duckweed strains, improving starch enrichment and conversion, and developing technologies for large-scale operations.
The Lemnaceae, commonly called duckweed, is a monocotyledonous family of five genera (Lemna, Landoltia, Spirodela, Wolffia and Wolfiella) and 37 species. Although Lemnaceae species have been studied for centuries, the majority of research has primarily been with Lemna minor, Lemna gibba, Spirodela polyrhiza and Landoltia punctata, while little is known of the biology and potential application of other species. The taxonomic position of Lemnaceae relative to other monocotyledonous plants is given in Figure 1 . This taxonomic position is important in the development of commercial patented technologies based on duckweed products and processes, because it clearly separates Lemnaceae species from cereal monocotyledonous species that are associated with an extensive patent landscape [2] . Almost all Lemnaceae species are small free-floating aquatic plants whose geographical range spans the entire globe, except polar regions [3] . Figure 2 shows the general morphology of a selected strain of L. punctata. Plants of Lemnaceae are the most morphologically reduced higher plants on Earth and normally reproduce by budding from mature fronds [4] . Flowers may appear depending on nutrients, photoperiod and the stage of growth. Spirodela, Landoltia and Lemna species consist of a leaf-like body, called a frond, and a root or multiple roots, while Wolffia species have tiny egg-shaped fronds without roots. Aziz investigated various Wolffia species and suggested that Wolffia microscopia be considered as a possible species [5] . Wolfiella species, which are much less studied, are more varied in morphology. The composition of duckweed, primarily proteins, carbohydrates, crude fibers, lipids and minerals, varies substantially depending on duckweed strain, growing conditions and the developmental stage of duckweed plant. Landolt and Kandeler provided an in-depth discussion in their review on this topic [6] . Duckweed can be found growing in freshwater lakes, ponds and pools, and the rapid proliferation of duckweed in some nutrient-rich water bodies usually creates dense plant mats floating on the water surface (Figure 3) .
Two characteristics, rapid growth and the ability to accumulate starch at high levels, are key to the potential of duckweed as a feedstock for biofuels. Duckweed grows faster than most other plants on Earth, with species having doubling times of 1-3 days under ideal growth conditions. Duckweed can achieve these rapid growth rates utilizing nutrient-rich wastewater, thus preventing the environmental release of potentially polluting compounds via plant assimilation. Large-scale production of duckweed biomass on wastewater provides the opportunity for a low-cost production system. Cheng and co-workers have studied duckweed production in swine wastewater for a decade and have reported non optimized growth rates of up to 0.2 kg dry weight (DW) m -2 week -1 under field conditions [7] . Duckweed biomass contains organic nitrogen as protein and free amino acids, and starch, both of which are useful in a fermentable feedstock. DW content varies by species and growth conditions ranging from 6 to 20% of fresh weight [6, 8] . The bulk of that DW consists of ash, protein 
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and carbohydrate. Protein content is high, and varies by species and growth conditions, ranging from 15 to 45% of DW [6] . These values place the protein content of dry duckweed biomass between alfalfa meal (20%) and soybean meal (41.7%) and suggest that this high protein content could result in a high-protein, postfermentation residue valuable as an animal feed [1] . Duckweed starch content is apparently under environmental, genetic and developmental control with published observations of starch content for several species and across a broad array of conditions ranging from 3 to 75% DW [6, 9] . Under conditions that optimize growth, duckweed biomass has a relatively low starch content; however, conditions that limit growth are known to result in starch accumulation, including the daily dark-light cycle, nitrogen and phosphate levels in the growth medium [10, 11] and exposing the plants to the plant hormones abscisic acid [12, 13] and cytokinin [14, 15] . Since the optimal conditions for growth and starch accumulation are different, a two-stage biomass production system would be utilized to produce high-starch duckweed. The potential to produce a high-starch duckweed biomass whose starch content could be comparable with corn (whose starch content is 65-75% DW [16] ) provides the impetus to pursue ethanol production using duckweed biomass.
Growing duckweed
Because of its unique morphological and physio logical properties, duckweed is considered as an ideal plant for large-scale cost-effective production of biomass for fuels. Duckweed can be grown on nutrient-rich wastewaters to exclude the need for intense agricultural inputs and, at the same time, address the growing concerns over nutrient pollution to water environments. Due to its rapid growth, tolerance to high nutrient levels and high nutrient uptake ability, various duckweed species have been studied for nutrient removal from domestic and animal wastewaters for many years [6, [17] [18] [19] . It is expected that a better understanding of the key factors affecting nutrient removal and plant growth in duckweed systems for environmental purposes would benefit the design of an efficient wastewater-based duckweed cropping system for the sustainable production of duckweed biomass for fuels and other value-added products, such as animal feed and fertilizer.
Duckweed strain
The wide geographic distribution of duckweed, the large number of species and their accessions within the duckweed family that have adapted to a wide variety of growth conditions, suggests that significant variation in some key plant traits affecting nutrient removal, and biomass production and application, should be found among duckweed strains. These traits include, but are not limited to, adaptability to different types of wastewater, nutrient tolerance, nutrient uptake ability, plant growth rate and suitability of the biomass for different end uses. Edwards ) [20] . Over a period of 90 days, the yield of S. polyrhiza (20.4 t ha -1 year -1
) was almost twice as high as that of Lemma perpusilla (10.9 t ha -1 year -1 ), while the protein content of L. perpusilla was 17.6% higher. It was also found that, after L. perpusilla was contaminated by Wolffia arrhiza at a later time in the experiment, the pond containing a higher percentage of W. arrhiza produced less total biomass. Since the frond sizes of the three duckweed species vary in the order of S. polyrhiza > L. perpusilla > W. arrhiza, the authors speculated that duckweed species with a larger plant size are likely to be associated with a higher biomass yield under some particular conditions. Vermaat and Hanif made a systematic comparison of the growth of five common European species of duckweed (L. gibba, L. minor, Lemna trisulca, S. polyrhiza and W. arrhiza collected in the surroundings of Delft and Gouda, The Netherlands) on standard mineral growth medium (1/10 Huttner solution) and three types of wastewater (artificial wastewater containing sucrose, acetate and propionic acid; artificial wastewater containing glucose, caseine and vegetable fats; and presettled domestic sewage) [21] . It was found that all five duckweed species produced less biomass on the two artificial wastewaters than on the standard mineral growth medium. On the presettleed domestic waste water, however, L. gibba and S. polyrhiza performed equally well as on the standard mineral growth medium, indicating better adaptations of these two duckweed species to domestic sewage than other species.
Anaerobically treated animal wastewater is a good nutrient source for duckweed production due to its abundance of ammonium (NH 4 + ), the preferred nitrogen form for duckweed. Utilization of NH 4 + -rich wastewater has been the impetus for research to identify duckweed strains for animal wastewater treatment. Bergmann et al. screened duckweed strains for nutrient removal from swine wastewater via a two-step process [22] . Forty one fast growing duckweed strains were selected for testing, which represented 12 species from nearly 1000 geographic isolates of a larger Lemnaceae collection. These strains were grown in a growth chamber on synthetic medium that approximated anaerobically treated swine wastewater in terms of nutrient profile, total ionic strength, pH and buffering capacity. Based on nitrogen removal and total protein production, the top eight candidates -S. punctata 7776, L. gibba 8678, L. minor 7501, S. punctata 7488, Lemna obscura 7720, L. aequinoctialis 8715, S. polyrhiza 8240 and L. minor 8627 -were selected for further screening using anaerobically treated swine wastewater in a greenhouse. After the second round of screening, three candidates, S. punctata 7776, L. gibba 8678 and L. minor 8627, showed the greatest tolerance to swine wastewater and were recommended for further testing. This study indicated that top duckweed candidates for nutrient recovery and biomass production should come from Spirodela or Lemna, the genera with large fronds, which is consistent with the finding of Edwards et al. [20] . Additionally, the influence of geographic isolate on the performance of duckweed in swine wastewater was more significant than that at the species level. A followup study was carried out to compare the performance of S. punctata 7776, L. gibba 8678 and L. minor 8627 in the reclamation of diluted anaerobically treated swine wastewater (67, 50, 33, 25 and 20%) in a greenhouse [19] . It was reported that the Lemna geographic isolates produced more biomass and had higher content of tissue nutrients such as nitrogen, phosphorus and potassium than S. punctata 7776. In terms of wastewater reclamation efficiency, L. minor 8627 was more promising as it resulted in more reductions of nutrients, including nitrogen, phosphorus, magnesium, copper and zinc.
Nutrient strength
The nutrient levels of domestic sewage and animal wastewater vary tremendously depending on their sources and climate conditions during wastewater retention. Since nitrogen is not only the most abundant nutrient component in wastewaters but also plays a crucial role in the metabolism and proliferation of duckweed plants, much work has been done to understand the correlation between its concentration in wastewater and duckweed growth. NH 4 + is a major nitrogen form in most nutrient-rich wastewaters, especially anaerobically treated wastewaters. As duckweed has a higher tolerance for NH 4 + when compared with other plant species, it is better suited to exploiting the reduced energy requirement of using NH 4 + as its nitrogen source [23] . This makes duckweed an ideal plant for nutrient capture from anaerobically treated wastewater. Nonetheless, exposure to high NH 4 + concentrations is harmful to duckweed. This can be attributed to two mechanisms: unionized ammonia (NH 3 ) from NH 4 + dissociation is lipid soluble and, therefore, easily enters plant cells through the cell membrane and disturbs cell metabolism [24, 25] ; and a high NH 4 + concentration itself is likely to result in a strong depolarization of the cell membrane, thus causing a general inhibition of anion transportation through the membrane [26] . It is difficult to assess the separate effects of NH 4 + and NH 3 because their concentrations in the wastewater are determined by wastewater pH. Caicedo et al. studied the effects of pH and total ammonia (combined NH 3 and NH 4 + ) concentration of domestic wastewater on the growth of S. polyrhiza [27] . It was found that pH <5 or >8 might be directly detrimental to duckweed growth. In the pH range of 5-8, a higher growth rate was observed at a lower concentration of total ammonia (3.5-20 mg N l -1 ) or a lower pH. Both the abovementioned mechanisms were believed to be involved in the inhibition of duckweed growth and the relative importance of each mechanism was determined by pH. Körner et al. investigated the effects of NH 3 and NH 4 + concentrations on the growth of L. gibba at pH 6.8-8.7 using domestic wastewater and reported that, within the examined range of pH, both NH 3 and NH 4 + contributed to the toxicity at NH 3 -N concentrations below 1 mg l -1 [28] . At NH 3 -N concentrations higher than 1 mg l -1 , the toxicity of total ammonia on duckweed was only attributed to unionized NH 3 and the toxic effect of NH 4 + -N was negligible. It was also found that the maximum tolerance level for unionized NH 3 was around 8 mg NH 3 -N l -1
. In such studies, however, determining the maximum tolerance level for NH 4 + was not possible, as this would require extremely low pH levels to exclude the effect of NH 3 . Besides NH 4 + , nitrate (NO 3 -) is the other commonly observed form of nitrogen in some nutrient-rich wastewaters. It was reported that, in the absence of NH 4 + , duckweed growth increased with the increase of NO 3 -concentration up to 300 mg N l -1 [29] . When NO 3 -is abundant in the environment, some NO 3 -will be accumulated in an inactive 'storage pool' in the duckweed frond and brought back to an active 'metabolic pool' for reduction under starvation conditions [29, 30] . However, the mechanism of this response is still completely unknown.
Before duckweed is used in the treatment of real wastewaters, preliminary experiments should be run to evaluate the response of duckweed to nutrient strength. Domestic sewage typically has an NH 4 + concentration of 10-50 mg N l -1 [28] , which is suitable for fast duckweed growth. However, animal wastewaters have much higher nutrient levels and, therefore, need to be diluted before being used for duckweed cultivation. ) [31] . Duckweed did not grow well on wastewaters with dilutions of 10 and 12%; at dilutions of 2-8%, both total nutrient removal and duckweed growth improved with the increase of nutrient concentration. After 2 weeks of treatment, 40. ) [19] . With the increase of nutrient concentration, both total nutrient removal and the nutrients contained in duckweed, such as nitrogen, phosphorus and potassium, increased while the biomass production decreased. After 12 days of duckweed cultivation, 67.7-78.7% and 27.9-60.7% of TKN and TP were removed, respectively, with total dry biomass production of 79.9-99.0 g m -2 . Based on the experimental results, wastewater dilutions of 50, 33 and 25% were recommended for swine wastewater treatment and duckweed production.
Harvest regime
Regular harvesting is of great importance to the maintenance of a healthy duckweed cropping system. Although keeping a higher plant density may favor total biomass production, too high a density will inevitably inhibit duckweed growth [32] . Duckweed plants at the bottom of a thick duckweed mat would eventually die due to the lack of sunlight and release nutrients back to the environment. Additionally, crowding itself would negatively affect duckweed proliferation. Under overcrowding conditions, the plant production of chemicals, such as ethylene, increases immediately, which could affect duckweed growth [33] . Therefore, adopting a harvest regime that helps duckweed plants grow at an appropriate density is crucial to the efficient operation of a duckweed system. Duckweed is normally harvested using a strainer in laboratory-scale studies. Bal Krishna and Polprasert investigated the effectiveness of a duckweed-based domestic wastewater treatment system at four stocking densities (0.3, 0.5, 0.9 and 1.2 kg fresh weight m -2 ) [34] . The results showed that, when a stocking density of 0.5 kg m -2 was maintained by harvesting duckweed on a daily basis, the maximum TN removal of 58% was achieved, with a biomass yield of 6.13 g DW m -2 day -1
. To determine the best harvest frequency, Xu and Shen removed duckweed fronds from 20% of the water surface at a frequency of three-times a week, twice a week, once a week, once every 2 weeks or once every 4 weeks, based on an initial duckweed density of 210 g fresh weight m -2 [31] . The results showed that harvesting duckweed more frequently generally resulted in better nutrient removals and harvesting duckweed twice a week led to the highest accumulative biomass production. Under any harvest frequencies, the duckweed density would eventually reach a stable level. Although the duckweed mat under a lower harvest frequency was thicker, with the advantage of more parent fronds, its biomass production ability was compromised by the negative impact of overcrowding [31] . In another study, four harvest regimes, which were harvesting 20% of duckweed twice a week, 40% of duckweed once a week, 60% of duckweed once every 2 weeks, and 80% of duckweed once every 4 weeks, were investigated based on initial duckweed densities of 211, 158, 105 and 53 g fresh weight m -2 , respectively. The results showed that harvesting less duckweed biomass at a shorter interval stimulated both nutrient removal and biomass production [35] .
During duckweed harvesting, it is important to make sure that sufficient numbers of duckweed plants are left after each harvest to completely cover the water surface with at least one layer of fronds, which is necessary to prevent the growth of phototrophic algae. The growth of algae can result in the depletion of CO 2 in water and, consequently, an extremely high water pH. Commonly studied duckweed species can grow well at a water pH between 5 and 9 [6] . Although most wastewaters have desired pH levels for the fast growth of duckweed and considerable buffering capacities, overgrowth of algae would rapidly increase the water pH beyond 10, which is detrimental to duckweed. Algae may also reduce duckweed growth by competing for nutrients and space, and some filamentous algae can cause the death of duckweed by physically attaching themselves to duckweed plants, wrapping algal filaments around the duckweed roots and overgrowing the floating fronds [20] . If algae come to dominate the duckweed pond in some extreme cases, the application of algaecide should be considered. Completely covering the water surface with duckweed mat also results in reduced water requirement of the system by limiting water loss due to evaporation. Previous research indicated that when the pond surface was completely covered by duckweed, the pond water level remained relatively stable even without much water supply via rainfall throughout a 3-month experiment in summer conditions of North Carolina, USA [36] .
Seasonal climate conditions
In the natural environment, the growth rate of duckweed and its nutrient recovery ability normally have a positive correlation with temperature and light. El-Shafai et al. compared the performance of a duckweed system under different climate conditions in Egypt [17] . The average duckweed yield was 133.7 kg ha -1 day -1 in the warm season when the water temperature was 25-31°C but decreased to 33.6 kg ha -1 day -1 in the cold season when the water temperature dropped to 13-19°C. Accordingly, the NH 4 + , TKN and TP removal efficiencies during the warm season were 98, 80 and 73%, respectively, while these values decreased in the cold season to 44, 45 and 40%, respectively [17] . Xu and Shen reported that L. punctata could survive the winter in Shanghai, China, when the air temperature occasionally dropped below 0°C at night [31] . Although the duckweed system still removed a significant amount of nutrients from the medium, the total duckweed biomass only increased by 15% over a 6-week period. Cheng et al. compared the effectiveness of a duckweed-based swine wastewater treatment system in spring and fall climate conditions in North Carolina, USA (US Department of Agriculture, Agricultural Zone 7), and noticed that, although the duckweed system could remove nutrients very effectively in both seasons, the reduced light intensity and temperature, as well as the shorter day length in fall, was less favorable to duckweed growth [7] .
CO 2 sequestration
The rising level of CO 2 in the Earth's atmosphere has raised much concern in recent years due to its association with elevated atmospheric temperature and the consequential climate change. The continuously climbing level of CO 2 over the past century is a result of the tremendous increase in the combustion of fossil fuels, as well as reduced plant photosynthesis due to the deforestation of tropical areas. Since fossil fuels are currently still expected to play crucial roles in providing energy to our modern societies, storage of CO 2 in natural sinks in the form of plant biomass should be reinforced. Among all the characteristics that define the suitability of a plant grown for CO 2 sequestration, biomass yield is usually prioritized. Duckweed proliferates through vegetative budding of new fronds and produces biomass faster than most other plants [3] . It can grow year round in areas with warm climate and doubles biomass within 2 days under optimal conditions [37] . Table 1 shows a comparison of biomass yield between duckweed and other commonly studied potential energy crops [7, 23, 36, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . Although algae gives higher biomass yields, harvesting and drying algae biomass are extremely challenging because of the low density of algae in the water. Assuming a duckweed carbon content of 40% [6], 57.3-155.3 t CO 2 can be removed from the atmosphere by 1 ha of duckweed pond in a year, which makes duckweed a highly competitive candidate for CO 2 sequestration. When duckweed is used for fuel production, although it would result in CO 2 release back to the atmosphere during fuel combustion, the future duckweed-based fuel industry is still expected to make a great contribution to CO 2 sequestration, as growing a huge amount of duckweed biomass would consume a lot of CO 2 from the atmosphere, making a favorable carbon balance in the carbon cycle.
Cultivation of high-starch duckweed
Like other biomass components, duckweed starch content is dependent on the duckweed strain, growing conditions and developmental stage of the duckweed plant. To obtain a high biomass yield in a wastewater-based cropping system, the duckweed strains with outstanding growth and nutrient removal abilities were selected and cultivated at the optimal growing conditions. However, the duckweed harvested from such systems may not have high starch contents. It is, therefore, necessary to enrich starch within the duckweed plants before using duckweed as a feedstock for biofuel production. Green plants form starch to store glucose produced through photosynthesis, and derive energy from it via respiration to support metabolism and form carbon skeletons, to support synthesis of compounds for cell growth and proliferation. It is expected that, to furnish a large starch reservoir in the duckweed plant, a considerable excess of photosynthesis over respiration must exist, and a number of studies have been conducted to stimulate photosynthesis or retard respiration [55] .
Pankey et al. studied the effects of CO 2 supplementation and illumination time on the starch content of S. polyrhiza grown in an inorganic nutrient solution at 30°C and an illumination intensity of 58 µmol m 2 s -1 [56] .
The results showed that applying 5% CO 2 had no significant effect on starch content. This is in agreement with the observation made by Jacobs in an early study, which indicated that, although the additional CO 2 caused an increased photosynthetic rate, it greatly stimulated duck-, it greatly stimulated duckgreatly stimulated duckweed growth at the same time, thus resulting in the flow of additional photosynthate to respiration processes rather than into starch storage [55] . The results also showed that there was a clear positive correlation between starch content and light availability. The starch content increased from 5 to 17% when the illumination time was extended from 8 to 14 h. Cui et al. studied the correlation between photoperiod and the starch content of S. polyrhiza grown in well water at different temperatures [10] . At 25°C and a light intensity of 40.5 µmol m -2 s -1
, extending the photoperiod from 8 to 16 h caused a 50% increase in starch content, and similar results were obtained at 15 and 5°C.
The respiration rate of duckweed can be reduced by a number of means, of which the most cost effective is nutrient starvation. It is generally recognized that nitrogen deficiency has a retarding effect on vegetative growth of duckweed, which could consequently trigger starch accumulation in duckweed. The reduced duckweed growth in the absence of sufficient nitrogen can be attributed to a low level of amylolytic activity associated with a low duckweed protein content, resulting from nitrogen scarcity [57] . Starch accumulation has also been related to phosphate deficiency [58] . It is reported that, for L. gibba, the response to phosphate deficiency is starch accumulation, which has been associated with a high activity of the sucrose synthesis pathway [59, 60] . Water devoid of nutrients is a good medium to grow high-starch duckweed. Cui et al. found that, when a nutrient-rich growth medium was replaced by well water, the starch content of S. polyrhiza was substantially increased at any combinations of temperature and photoperiod [10] . Cheng and Stomp reported that simple transfer of fresh S. polyrhiza fronds from a nutrient-rich solution to tap water resulted in a 45.8% starch content after 5 days [61] . In addition to nutrient deficiency, exposing duckweed to certain inhibitory chemicals can also trigger starch accumulation in duckweed plants. Exogenous plant hormones, such as abscisic acid (ABA) and cytokinin, have been reported to cause starch accumulation in duckweed. In the presence of 1 ppm ABA in the growth medium, L. gibba was filled with starch almost to the exclusion of other cell components [62] . It is believed that ABA inhibits duckweed growth by affecting not only its inorganic composition but also nucleic acid and enzyme metabolism. McLaren and Smith reported that, after growing L. minor in the presence of 10 -6 M ABA for 6 days, the starch content increased by approximately 500% compared with controls [63] . McCombs and Ralph studied starch metabolism in L. punctata treated with cytokinins and reported that adding the cytokinin kinetin to duckweed grown in darkness caused starch accumulation as a consequence of inhibition of duckweed growth [15] . Some plant growth-retarding chemicals have also been studied for their ability to promote starch accumulation in duckweed. The compound 2-aminoindan-2-phosphonic acid was reported to cause the enrichment of starch in duckweed [64] . Compared with controls, an 2-aminoindan-2-phosphonic acid concentration of 100 mM increased the starch content of S. punctata by 130% in the first 5 days and 370% during the next 3 days. Apicidin is a cyclic tetrapeptide fungal toxin. When it was applied on Lemna pausicostata L., starch accumulation occurred in the chloroplasts and plastids of fronds and roots, respectively, and starch inclusions continued to enlarge until the later stages of the 72-h treatment [65] . In addition, heavy metals inhibiting duckweed growth have been reported to decrease carbohydrate consumption [66] .
In practical applications, nutrient starvation is currently the most economically viable way to enrich starch in duckweed on a large scale. Xu et al. carried out a pilot study cultivating high-starch duckweed for bioethanol production on a commercial swine farm in Zebulon (NC, USA) [11] . Figure 4 is a diagram of the wastewater management system on the farm. To reach a high biomass yield, duckweed S. polyrhiza was grown in a 10 × 30 × 1 m (width × length × depth) pond using anaerobically treated swine wastewater as the nutrient source. A pond nutrient level was maintained at 20 mg NH 4 -N l -1 by intermittently pumping the high-nutrient liquid from the storage lagoon to the pond, and duckweed was harvested three-times a week. To induce starch accumulation in the duckweed harvested from the duckweed pond, fresh duckweed plants were transferred to 1.5 × 3.2 × 1.3 m (width × length × depth) concrete tanks filled with well water for nutrient starvation and left in the tanks until the starch content leveled off. The results showed that S. polyrhiza grew very rapidly in diluted swine wastewater during the 4-week experimental period in summer, with a dry biomass yield of 12.4 g m -2 day -1
. Concomitantly, NH 4 -N and orthophosphate-P were removed at rates of 1.08 and 0.10 g m -2 day -1 , respectively. After simple transfer of duckweed to well water for 8 days, the duckweed starch increased from 17.6 to 31.0%. During the same nutrient starvation period, the duckweed biomass increased by 81.4%, resulting in a 220% increase in total starch. The continuous growth of duckweed in well water is believed to be supported by the internal nutrient storage of duckweed [67] . Assuming a corn starch yield of 5.70 t ha -1 year -1 [68, 69] , it takes only approximately 5 months to grow duckweed to reach the same starch yield per unit area. Additionally, the protein content of duckweed remained high (23%) after starch accumulation. This has implications for the utilization of the residual solids after ethanol production for animal feed or fertilizer production. Turion is a dormant organ of duckweed, which accumulates numerous starch grains. Under the conditions of limitation of phosphate, nitrate or sulfate, the formation of turions is induced [70, 71] , which might contribute to the overall high starch content of the S. polyrhiza culture. However, turions could separate from mother fronds and sink to the bottom of the pond, making them difficult to be collected and processed. Therefore, to maximize the starch yield of duckweed culture, further investigations on the correlation between duckweed growing conditions and turion formation are required. Turion formation does not happen in Lemna species, Spirodela intermedia or L. punctata; this should be taken into consideration in duckweed selection for starch production.
Conversion of duckweed to biofuels
The free-floating growth habit of duckweed greatly facilitates biomass collection from water and a variety of methfrom water and a variety of methand a variety of methods have been developed to corral and harvest duckweed [72, 73] . The small size of duckweed gives the duckweed plant a large surface area-to-volume ratio, which makes it readily amenable to fast drying with minimal heating requirement. The fast drying is also attributed to the fact that duckweed lacks a waxy cuticle present on land plants to prevent water loss [61] . In addition, the small fronds of duckweed exclude the need for biomass milling or grindthe need for biomass milling or grinding. All these characteristics make duckweed an ideal feedstock for biofuel production, as biomass collection 
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and postharvest handling costs can be substantially reduced. Enzymatic hydrolysis of duckweed biomass normally follows the same protocol used for the saccharification of corn starch. According to Cheng and Stomp [61] , after enzymatic hydrolysis of high-starch S. polyrhiza (45.8% starch) using α-amylase (Sigma A3404), pullulanase (Sigma P2986) and amyloglucosidase (Sigma 10115), a total reducing sugar yield of 509 mg g -1 of dry duckweed was achieved. Yeast fermentation of the hydrolysate resulted in an ethanol yield of 258 mg g -1 of dry duckweed biomass. These results indicated that duckweed starch can be readily converted to ethanol using well-established technologies. In the pilot study of Xu et al. [11] , a 14-l continuous stirred tank reactor fermentor was used for the enzymatic hydrolysis and yeast fermentation of high-starch S. polyrhiza (31.0% starch). A similar enzymatic hydrolysis protocol, which was adapted from the Megazyme Total Starch Assay Procedure [74] and Sluiter and Sluiter [75] , was applied for duckweed saccharification, and Saccharomyces cerevisiae (ATCC 24859) was used for ethanol fermentation. After enzymatic hydrolysis of duckweed biomass using α-amylase, pullulanase and amyloglucosidase, the reducing sugar recovery reached 96.8% of the theoretical recovery. In the fermentation of the hydrolysate (yeast loading: 6.2 g dry matter l -1 ; fermentation time: 72 h), a final ethanol concentration of 33.6 g l -1 was reached, with an ethanol yield 97.8% of the theoretical yield achieved. This makes an overall starch conversion of 94.7%, indicating the high convertibility of duckweed starch to ethanol.
In order to better evaluate the promise of using duckbetter evaluate the promise of using duckweed to produce biofuel, Xu et al. calculated the ethanol yield from duckweed using the data collected from their pilot study and compared it with that from wellestablished corn-to-ethanol conversion [11] . According to a report from the Renewable Fuels Association, the average corn-based ethanol yield was 4.31 × 10 3 l ha -1 in 2009 [68] . Based on the assumptions that the growing season of duckweed lasts 9 months in North Carolina; duckweed characteristics and starch-to-ethanol conversion rate in a full-scale operation are the same as those obtained in the pilot study; and the water surface required for starch accumulation is the same as that required for duckweed biomass production, growing and converting high-starch duckweed could lead to an ethanol yield of 6.42 × 10 3 l ha -1 -approximately 50% higher than that of corn.
Future perspective
Growing duckweed as a wastewater-based crop for biofuel production is a promising technology, which not only supplements the current dominant but contro versial corn-based ethanol production, but also addresses the growing concern over nutrient pollution from wastewater release. To further improve the efficiency of duckweed systems and facilitate the development of commercial-scale operations, attention should be given to several aspects in future investigations, as outlined below.
Duckweed selection
To improve ethanol yield, selecting duckweed strains with high starch-producing ability is required. Selecting suitable duckweed strains is the initial step of any endeavor towards the establishment of an effective duckweed system and it is necessary to first acquire a diverse genetic base upon which to build the program. The Rutgers University Duckweed Stock Cooperative maintains over 600 different strains collected from all continents, except Antarctica, which serves as a centralized resource promoting the growth of the duckweed research community, and genome sequencing of duckweed strains has been initiated. Previous research on duckweed selection was mostly conducted in controlled in vitro systems. Since the growing conditions can be very different in a natural environment, caution must be taken in predicting the types and magnitudes of variation observed in a field system based on the experimental results in the laboratory. In addition to traditional duckweed screening techniques, new methods such as flavonoid fingerprints and DNA barcoding are expected to help identify duckweed more rapidly. Flavonoid fingerprints can help to discriminate and identify duckweed based on the unique flavonoid composition of duckweed strains, and DNA barcoding has been reported effective in identifying duckweed to a species level [76, 77] .
Starch enrichment & conversion
The maximum starch content that can be achieved in starch enrichment is one of the most important criteria used to determine the biofuel potential of a duckweed cropping system. Almost all previous studies focused on the effects of the experimental external environmental conditions on duckweed starch content during starch accumulation but neglected the effects of the potential pre-existing characteristics of initial duckweed. How the duckweed is grown prior to experimental use is known to affect the experimental response of duckweed; therefore, efforts should be made to establish the correlation between biomass production and starch accumulation, and coordinate the two steps to maximize overall starch yield. Moreover, developing duckweed strains of high starch or high starch accumulation potential via genetic modification of naturally occurred duckweed is another promising strategy to improve the energy potential of duckweed systems.
To reduce the sizes of starch enrichment facilities, technological development for rapid starch accumulation is desired. A previous report showed that higher water salinities would help accelerate the starch accumulation process [11] ; this effect might be the result of salt inhibition of duckweed growth. In practical applications, seawater and high-salt industrial wastewaters can be good salt sources. Effluents from duckweed culture ponds using animal wastewater as the nutrient source normally have very low nitrogen and phosphorus levels but high salinities, due to the difference in percent ionic composition between animal waste and plant requirement, and could be utilized as a high-salt environment.
Optimization of methods for starch conversion to fermentable sugars starting from duckweed biomass is another area for future research. An excess of starch hydrolytic enzymes were used in previous proof-ofconcept studies to exclude the impact of enzyme limitation on ethanol production [11] . To reduce enzyme cost, biomass pretreatment might be required to increase the enzymatic digestibility of intact duckweed biomass. Chemical pretreatment methods, such as acid and alkaline prehydrolysis, have proven very effective in improving the enzymatic digestibility of cellulosic biomass at a relatively low cost [78, 79] and, thus, should be first investigated. Pretreatment of duckweed could also reduce the cost of biomass conversion by avoiding the energy consumptive step of duckweed grinding.
Large-scale production
Since duckweed only grows on the water surface, land requirement is a major concern when it comes to the pursuit of a large-scale duckweed cropping system. To reduce land requirement, not only fast duckweed cultivation and starch accumulation technologies should be explored, but also novel cultivation reactors such as multilayer or pagoda-shaped structures, where special designs are required to avoid light limitation.
In large-scale duckweed cultivation, disease and pest control is another major concern. Infections by insects (Rhopalosipum nymphace, Nymphula sp. and
Executive summary Growing duckweed
The wide geographic distribution of duckweed and large number of species within the duckweed family make it necessary to select the optimal duckweed strain from a diverse genetic base upon which to build any research or application program.
Since the nutrient strength of domestic sewage and animal wastewater vary tremendously depending on their sources and climate conditions during wastewater retention, it is important to investigate the response of duckweed to different nutrient levels of wastewaters of varying characteristics.
An appropriate harvest regime stimulates nutrient removal and duckweed growth, by preventing overcrowding and overgrowth of algae that is detrimental to duckweed plants.
The performance of duckweed in the cold season, which is dependant on duckweed characteristics and local climate, should be evaluated for the best operation of duckweed systems.
The excellent growth of duckweed relative to other potential energy crops, as well as its unique morphological properties, make duckweed a highly competitive candidate for CO 2 sequestration.
Cultivation of high-starch duckweed
Starch accumulation after duckweed production is necessary as the optimal conditions for duckweed production normally do not result in high duckweed starch.
In order to furnish a large starch reservoir in the duckweed plant, a considerable excess of photosynthesis over respiration must exist. Photosynthesis can be improved by increasing light availability and CO 2 level, and respiration can be reduced via nutrient starvation or exposing duckweed to the plant hormones abscisic acid and cytokinin, as well as other growth-retarding chemicals.
In practical applications, nutrient starvation is currently the most economically viable way to enrich starch in duckweed on a large scale.
Conversion of duckweed to biofuels
Existing technologies developed for the saccharification and fermentation of corn starch can be used for duckweed-to-ethanol conversion. An overall starch conversion of 94.7% can be achieved in a pilot-scale system, indicating the high convertibility of duckweed starch to ethanol.
Growing and converting high-starch duckweed could lead to an ethanol yield of 6.42 × 103 l ha -1 , 50% higher than that of corn.
Future perspective
Selecting duckweed strains with high starch-producing ability is required to improve ethanol yield, and new technologies, including flavonoid fingerprints, DNA barcodes and near-infrared spectroscopy, are expected to help identify duckweed more rapidly and accurately.
Starch enrichment can be improved by coordinating process conditions of biomass production and starch accumulation, developing duckweed strains of high starch or high starch-accumulation potential via genetic modification and accelerating the starch accumulation process. Methods for starch conversion to fermentable sugars can be optimized. For example, pretreating intact duckweed biomass to increase its digestibility, thus reducing enzyme requirement in hydrolysis.
Fast duckweed cultivation and starch accumulation technologies, novel cultivation reactors, disease control methods and efficient duckweed harvesters should be developed for large-scale production of high-starch duckweed. Austropeplea), algae and fungi could severely damage duckweed plants [20] . The use of chemical pesticides needs to be researched to determine their potential side effects on duckweed growth. Harvesting duckweed in a cost-effective way is imperative to the successful commercialization of any duckweed system. Much of the harvesting done in research or in working systems has been manual, which is very labor intensive. Automatic harvesting is normally carried out by pumping the mix of duckweed and water from the pond surface and separating the duckweed from the water with a screen.
Commercially available low-capacity pond skimmers were once applied but have been proven ineffective and inconvenient to use (low mobility) when dedicated to duckweed harvesting, especially on a large scale. A duckweed harvest unit of high capacity is therefore required to meet the needs of duckweed harvesting in a large-scale operation.
The high mobility of a harvester is also required considering the constant change of weather and hydraulic conditions in a natural environment, which might affect duckweed distribution on the water surface and, consequently, the harvest location for the best performance of harvester. Because of the high surface areato-volume ratio, postharvest duckweed is quite easy to dry. Several laboratory-scale studies showed that fresh duckweed can be air dried within a couple of days with intermittent mixing. In large-scale operations, however, heat drying might be a necessity, which would compromise the cost-effectiveness of the overall biofuel production process. To avoid tremendous energy costs for duckweed drying and high water consumption for duckweed hydrolysis in the conversion process, how to use fresh or semidried duckweed should be studied.
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